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AC magnetic bridges have been used to detect applied stress in 
steel and aluminum test specimens. The data show effects of mechanical 
hysteresis. In the ~teel test specimens, changes in real and imaqinary 
reluctance occur. In aluminum samples only chanqes in imaginary reluc-
tance are observed. From these observations it is concluded that AC 
magnetic bridges can be used for the NDE of stress and could possibly be 
used to determine residual stress. 
AC MAGNETIC BRIDGE 
For over a century, the physical characteristics of materials 
which can be detected through electrical changes have been detected 
through the incorporation of those materials in electrical circuits and 
particularly electrical bridge circuits. Therefore, it is not strange 
that where magnetic properties of materials could be used to determine 
physical changes in matter, the same technique was attempted, i.e. 
every effort was made to measure the changes in magnetic properties 
through the use of electrical circuits. The principal reason for this 
was apparently the fact that electrical signals were and are very 
convenient to process. However, such techniques have generally been 
unsatisfactory for magnetic measurements except with very specialized 
samples. Thus, the permeability and the hysteresis loops of toroids 
can be determined, although not easily, through windings on toroid 
cores. Measuring the magnetic characteristics of steel parts on a typ-
ical production line is difficult if not impossible with electrical 
means. A magnetic technique is described here which is more amenable 
for such tests, and it is qualitatively shown that this technique is 
responsive to stress in both ferritic and nonferritic samples. 
The clue to the successful measurement of magnetic characteristics 
of ferritic parts can be found in the parallel to the historic examina-
tion of electrical characteristics of conducting materials, i.e. the 
ferritic material can be placed in a magnetic circuit which is part of 
a magnetic bridge circuit. If the magnetic flux driving the bridge 
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changes periodically, e.g. if it is sinusoidal, the signal can be 
detected and analyzed with all the convenience of electrical circuitry. 
Therefore, to realize the basic conveniences of electrical bridge cir-
cuits, it only remains to be shown that magnetic flux can be conve-
niently manipulated in magnetic circuits through electrical means. 
In Fig. l, a portion of a magnetic circuit is shown. The cirtuit 
fragment consists of a ferriterod (which is shown as hatched), a gap 
in the rod, and a coil of N turns wound about the rod. A parallel com-
bination of capacitance C and resistance R is attached to the coil. 
The sample to be examined would normally be placed within the gap just 
as an electrical sample must be placed in a gap in a conductor of an 
electrical circuit. In the early days of working with electrical cir-
cuits, the coupling between the sample and the circuit caused consider-
able difficulties. At this stage of development, magnetic circuits 
have the same difficulties. However, practice indicates that care in 
constructing jigs which reproduce the position of the sample in the gap 
(or with respect to the gap) with precision available through normal 
machining capabilities virtually eliminates problems with coupling. 
The coupling reluctance will almost always be high with respect to the 
sample reluctance, a problern not usually encountered in electrical cir-
cuits. Another problern which must receive considerable attention with 
magnetic circuits is flux leakage from one part of the circuit to 
another, a problern similar to operation an electrical circuit in a con-
ducting solution. This problern can usually be solved through design. 
The third problern is that magnetic circuits usually must have a geom-
etry which is specific to the sample which is to be inspected to insure 
that the flux travels throughout the region of interest in the sample. 
Since ferrite serves in a capacity in a magnetic circuit similar to 
copper wire in an electrical circuit and since ferrite is a ceramic, 
construction of a magnetic circuit approaches an art form. Neverthe-
less, magnetic bridges have been constructed with characteristic dimen-
sions as small as 3/8 inch and as large as three feet and have been 
adapted to a variety of samples. Over and above the ability of bridges 
to detect magnetic characteristics of matter directly and electrical 
characteristics through eddy currents induced in the sample, a primary 
advantage in the use of such bridges is the ability to adapt to sample 
geometry rather than having to interface through coils. For this 
advantage, the sacrifice is that there will probably never be a "uni-
versal wand" of the type available with eddy-current techniques. How-
ever, there is not the effective Iimitation on depth of penetration 
with ferritic materials which exists with eddy currents. 
Fig. 1. A portion of a magnetic 
circuit composed of ferrite and 
having a gap g1 . 
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Fig. 2. An AC magnetic bridge. 
Suppose for the moment that no gap exists in the magnetic circuit 
fragment shown in Fig. 1, AC magnetic circuit theory, predicts that the 
complex flux - will have a relationship to the magnetomotive force mmf 
and the complex reluctance given by 
'V 'V 
- = mmf/ <:; • (1) 
The eomplex reluctance is given by 
(2) 
where Re is the real reluctance of the ferrite core and w=ZITf where f 
is the frequency of the sinusoidal mmf. This theory assumes that the 
magnetic material is linear, i.e. that it has a c~osed and linear hys-
teresis loop. Yet, the theory holds reasonably well for actual mag-
netic circuits. The real term in this expression is an energy storage 
term, and the imaginary term accounts for the dissipation of energy in 
the circuit. As a first order approximation, a term r can be added to 
account for the energy dissipation resulting from an open hysteresis 
loop whether the open hysteresis loop results from the ferrite, the 
gap, or material placed within the gap. Under these circumstances, the 
complex reluctance then becomes 
(3) 
From Eq. 3, it is apparent that the real and the imaginary reluctances 
can be separately manipulated electrically. An AC magnetic bridge such 
as the one depicted in Fig. 2 is composed of four arms constructed of 
the circuit fragments shown in Fig. 1 and an input leg and an output 
leg. The real and imaginary reluctances in the arms can be manipulated 
through techniques suggested by Eq.3., or the changes in reluctances of 
samples in the gaps of these arms can be measured through such tech-
niques. 
The basic AC magnetic bridge circuit schematized in Fig. 2 is, of 
course, a copy of the electrical Wheatstone bridge. It is powered 
through an oscillator (osc.) which produces a current in the coil N1 
and, thus, a magnetomotive force which powers the bridge. The detector 
D, which can be anything from a simple amplifier to a wave analyzer, is 
schematized as earphones. The four gaps g1, gz, g3, and g4 serve in a 
capacity similar to reactances in an AC electrical bridge. Coils are 
shown on adjacent arms of the bridge with a parallel combination of 
resistance and capacitance on only one such coil. These will be called 
"null" coils here because they assist in nulling the bridge. Only two 
such sets of coils are needed but they must be on adjacent arms. Usu-
ally only one capacitor and one resistor are needed to null the bridge 
with the capacitor and resistor distributed in some manner between the 
two coils. The bridge can be operated in one of two modes: An "off-
null" mode where the bridge is initially nulled and the voltage and the 
phase of the signal at the detector are measured. The phase is usually 
compared to the phase of the input electrical signal. Or the bridge 
can be operated in the "renull" mode where the resistance and capaci-
tance necessary to renull the bridqe as a result of changes in the 
samples are recorded. From data obtained in the renull mode, the real 
and imaginary reluctances can be calculated throuqh Eq. 3 above and 
bridge balance equations. Both offnull and renull results are pre-
sented here. 
When inspecting ferritic materials, adjusting the input mmf and 
inspecting amplitudes and phases of the fundamental and several bar-
monie frequencies yields clues to the nature of the hysteresis loop. 
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Such data are not presented here but have been used to charactize types 
of flaws in pipe walls, for example. From such data it was apparent 
that each type of flaw yielded a characteristic "signature" through 
which the type of flaw could be identified. 
As an indication of how the bridge was modified to obtain the 
information to be presented here, Fig. 3 is shown. An extension has 
been placed on one arm of the bridge, and an insert (shown as a dotted 
legend) is placed between the modified arms. The purpose of the 
insert, which is usually copper, is to squeeze the magnetic field out 
of the gap so that it will contact the sample. The actual design of 
the bridge is shown in Fig. 4. Again, the insert is dotted and the 
ferrite is hatched. In this figure it can be seen that the insert is 
sandwiched between all four gaps. The extension can be seen on the 
left of the side view. The sample appears in both the front and side 
views. In these experiments, the distance between the face of the 
bridge and the samples was 0.004 inches, the thickness of a commercial-
ly-available plastic sheet interposed between the sample and the pole 
faces of the bridge. 
EXPERIMENTAL RESULTS 
The bridge of Fig. 4 was mounted on tensile test specimens with a 
1/8-inch thick and 1/2-inch wide test section on which were mounted two 
resistive strain guages, deployed to compensate for any possible bend-
ing of the samples. The samples were mounted in a tensile tester. The 
readings of the strain guages were recorded and correlated with the 
applied force readings of the tensile tester to produce the stress 
readings accompanying the results. A Hewlett Packard 3582A Waveana-
lyzer was used for detecting and analyzing the signal at location D on 
Figure 4. A Hewlett Packard 6518 oscillator was used to drive the 
bridge through a Hewlett Packard Model 467A Power Amplifier. The sinu-
soidal driving signal was at 10 kiloHertz in these experiments. 
Bridges have been operated in other contexts anywhere from several 
Hertz to several megaHertz. 
Fig. 3. An AC magnetic bridge with 
an extension added to one arm. An 
insert is placed in the gap which 
has the effect of pushing the 
magnetic field out of the gap. 
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Fig . 4. The AC magnetic bridge as 
built. The hatched area is 
ferrite and the dottea area is the 
insert. 
In these experiments, the stress cycle was carried out at least 
ten times before data were recorded. In the offnull mode, differences 
were found between data of successive stress cycles even when the 
sample had been cycled ten times. These differences gradually 
decreased as the number of stress cycles was increased. Typical off-
null data for a stress cycle is shown in Fig. 5. The ordinate is in 
millivolts which is measured at No. The abcissa is stress in units of 
10,000 psi. The crosses represent increasing load and the boxes repre-
sent decreasing load. Problems were encountered with the tensile tes-
ter at the point where the small peak appears in the ascending curve. 
The peak seen is probably a result of the slippage in the tester at 
this point. The experimental error is too small to show. When this 
curve was replicated in the renull mode, the values of resistance and 
capacitance required to renull the bridge were converted to real and 
imaginary reluctance through Eq . 3 and bridge equations. The results 
are shown in Figs. 6 and 7. The abscissa is in the same units as those 
of Fig. 5. The reluctance values represented by the ordinates are in 
megaSI units. The real reluctance (Fig. 6) is directly related to the 
permeability of the sample while the imaginary reluctance is related to 
the conductance. Note that the stress-hysteresis loop for the real 
reluctance is more open than that for the imaginary reluctance. The 
discontinuities produced by slippage in the tensile tester seem more 
pronounced for the imaginary reluctance than for real reluctance. In 
Fig. 8, two successive real reluctance curves have been plotted one 
over the other to demoostrate the reproducibility of this technique of 
measuring applied stress. While the stress here was externally 
applied, these experiments were stimulated by a series of experiments 
in which ferritic plates were scanned for flaws. In the course of 
those scans, signals developed which were unrelated to the flaws, and 
it was suspected that those signals arose from residual stress. Later 
exp.eriments found a correlation between variations of real reluctance 
and the results of Rockwell hardness tests. The experiments here were 
designed for qualitative confirmation of the relation between bridge 
readings and applied stress. 
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Fig. 5. Output of the AC magnetic bridge as a result of loadi ng and 
unloading a 1/8 x 1/2 steel sample. 
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Fig. 7. Change of imaginary reluctance in a 1/8 x 1/2 inch stell ten-
sile specimen. 
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Fig. 8. Change of real reluctance in a steel tensile specimen. 
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Fig. 9. Output of the AC magnetic bridge as a result a loading and 
unloading a 1/8 x 1/2 inch aluminum tensile speciman. 
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Fig. 10. Change of imaginary reluctance in a 1/8 x 1/2 inch aluminum 
tensile speciman. 
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DISCUSSION 
A qualitative test of this technique which would further confirm 
the relationship between bridge readings and stress would result from 
making similar measurements on nonferritic materials where a correla-
tion should be found between applied stress and imaginary reluctance 
and not between applied stress and real reluctance. Therefore, tests 
were run on an aluminum samples. The offnull results appear in Fig. 9. 
While these results were not as reproducible as the results with the 
steel sample, the presented curve is fairly typical of the data 
obtained. The abcissa is in units of 1000 lbs/sq. inch and the ordi-
nate is in microvolts. The crosses represent data obtained with 
increasing load, and the boxes represent the data obtained with 
decreasing load. Again, the discontinuities in the curves occurred 
simultaneously with slippage in the tensile tester. This slippage may 
have been the primary reason for difficulties in replicating the data. 
The renull curve obtained in the next data series is shown in Fig. 10. 
Only the resistance required for renull changed in these experiments. 
The values for capacitance required for renull did not change indicat-
ing, consistent with expectations, that the real reluctance did not 
change. Here, the resistance data have been again converted to imagi-
nary reluctance . 
While it is still too soon to draw quantitative conclusions from 
these experiments, it is clear that the AC magnetic bridge represents a 
new technique for findings applied and possibly residual stress in both 
ferritic and nonferritic metals. 
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